A. Morales, B.A. Latorre, E. Piontelli, and X. Besoain. 2012. Botryosphaeriaceae species affecting table grape vineyards in Chile and cultivar susceptibility. Cien. Inv. Agr. 39(3): 445-458. Several Botryosphaeriaceae species have been identified as the causes of cankers and dieback of Vitis vinifera in several grape-growing regions around the world. This research was conducted to further study the species of Botryosphaeriaceae associated with table grapes in Chile, to estimate the prevalence and severity of the disease as a function of vineyard age, to study the susceptibility of table grape cultivars to infection by Botryosphaeriaceae species, and to evaluate the effect of tissue age on the infection caused by Botryosphaeriaceae species. Symptoms were characterized by the presence of the partial or total death of the grapevine cordons and distorted leaves. Brown V-shaped or U-shaped cankers and black spots were observed in cross-sections, while brown vascular streaks were observed in longitudinal sections of the cordons and trunks. Pathogenic isolates of Diplodia seriata, D. mutila and Spencermartinsia viticola were consistently obtained from wood cankers and/or vascular streaking; D. seriata was the most common (83.3%) Botryosphaeriaceae species. In 11-to 20-year-old vineyards, the disease incidence varied between 22.0 and 69.0%, and the severity varied between 6.0 and 21.3%. The table grape cultivars 'Thompson Seedless', 'Redglobe' and 'Flame Seedless' were equally susceptible to infection by D. mutila, D. seriata and S. viticola. The age of the inoculated tissue had no significant effect on the development of the vascular necrosis. This is the first report of D. mutila and S. viticola infections of grapevines in Chile.
Introduction
Table grapes (Vitis vinifera L.) are high-value export crops cultivated on 55,119 ha across a range of diverse climate zones in Chile. ' Thompson Seedless', 'Flame Seedless' and 'Redglobe' are the most prevalent cultivars planted in Chile (ODEPA, 2009 ).
Several grapevine trunk diseases have been described worldwide including Botryosphaeria cankers, black dead arm (BDA), esca, excoriose, and Eutypa dieback (Bulit et al., 1972 Moller and Kasimatis, 1978; Latorre et al., 1986; Mugnai et al., 1999; Larignon et al., 2001; Phillips et al., 2005; Úrbez-Torres et al., 2006; Úrbez-Torres and Gubler, 2009; Úrbez-Torres, 2011) . Many studies have associated canker diseases with the presence of Botryosphaeriaceae species, Diatrypaceae species, and Phomopsis viticola (Sacc.) Sacc. (Moller and Kasimatis, 1978; Larignon and Dubos, 1997; Armengol et al., 2001; Phillips, 2002; Auger et al., 2004; Trouillas et al., 2010) . BDA was identified for the first time in Hungary by Lehoczky (1974) , who associated this disease with Diplodia mutila Fr. (as Botryosphaeria stevensii Shoemaker). Later it was reported in Italy (Cristinzio, 1978) , where the disease was associated with D. seriata De Not. (as B. obtusa Schwein. Shoemaker), and later in France (Larignon et al., 2001) , where it was associated with D. seriata and B. dothidea (Moug.:Fr.) Ces & De Not. However, Chamberlain et al. (1964) were the first to suggest the role of D. seriata (as Sphaeropsis malorum Peck.) in the etiology of wood cankers of grapes.
The aims of the present study were 1. to further study the Botryosphaeriaceae species associated with the dieback in table grape vineyards in Chile, 2. to estimate the prevalence and severity of the disease as a function of vineyard age, 3. to evaluate the susceptibility of table grape cultivars to infection by Botryosphaeriaceae species, and 4. to study the effect of tissue age on the infection caused by Botryosphaeriaceae species.
Materials and methods

Sampling locations and fungal isolations
Fungal isolates were obtained from grapevines showing decline, small and distorted leaves and chlorosis. The isolations were performed between July 2008 and April 2009 from a total of 79 samples taken either from wood necrosis or vascular streaking from the following table grape cultivars: 'Thompson Seedless', 'Redglobe', 'Crimson Seedless', 'Flame Seedless' and 'Superior'. The samples were collected from 22 vineyards located between Ovalle (lat. 30°, 37" S) and Paine (lat. 33°, 55" S).
Small pieces of wood (<1 cm 2 ) were selected from the margins both of V-shaped cankers and black spots observed in the cross-sections of affected arms. The samples were disinfected for 30 s in 95% ethanol, rinsed with sterile distilled water (SDW), dried and plated onto potato dextrose agar (PDA) plates acidified with 0.5 mL per liter of 96% lactic acid (APDA). The plates were incubated at 24 °C for at least 5 days or until fungi were observed growing from the symptomatic wood. The hyphal tips were sub-cultured in water agar (WA) and then transferred to APDA. The isolates were maintained in SDW at 5ºC.
Morphological characterization
To stimulate sporulation, the isolates were cultivated on autoclaved lignified 1-year-old apple twigs (2 cm in length) placed on WA. The cultures were incubated for 5 days at 24°C in the dark and for an additional 45 days at room temperature (18-22ºC) under ultraviolet (UV) light (λ=320 nm). For each isolate, 30 conidia were characterized according to their shape, length, width, color, and septum development. The presence or absence of pycnidium development for each isolate in APDA at 24°C was also recorded. For each isolate, ten conidiogenous cells were measured, and colony characterization was also performed. For species identification, the taxonomic key proposed by Phillips (2007) was used.
Molecular characterization
Genomic DNA was extracted from 3-to 4-day-old cultures using a DNeasy Plant Mini Kit (Qiagen GmbH, Duesseldorf, Germany). The internal transcribed spacer (ITS) was amplified, including the 5.8S gene of the nuclear ribosomal DNA, using primers ITS1 and ITS4 (White et al., 1990) . The polymerase chain reaction (PCR) was performed in a thermal cycler (BIOER, TC-96/T/H(a), Bioer Technology Co. LTD, Tokyo, Japan), as described by Úrbez-Torres et al. (2008) . The PCR products were separated by agarose gel electrophoresis (100 V for 60 min) at 1.5% in 1× Tris-Acetate-EDTA buffer (TAE) (40 mM Tris, 40 mM acetate, 2 mM EDTA, pH 8.0). Each electrophoresis included 0.5 μL of a 100 bp marker (BioLabs Inc., San Diego, CA). The gel was then stained with ethidium bromide for 20 min and visualized using a UV transilluminator (Vilber Lourmat, Marne-laVallée, France).
The PCR products with bands between 500 and 600 bp in size were purified using the Axyprep PCR Clean-up kit (Axygen Biosciences, California, USA) and were sequenced in both directions (Pontificia Universidad Católica de Chile, Santiago, Chile). The ITS sequences of 24 isolates were aligned with the multiple sequence alignment program MAFFT version 6 (Katoh et al., 2005) . Additional sequences were selected from GenBank (Table 1) by BLAST searches and included in the alignment. The phylogenetic analysis using parsimony was performed with PAUP* Version 4.0b10 for Macintosh (Sinauer Associates, Inc., Publishers, Sunderland, MA, USA). The analysis consisted of heuristic searches with 1,000 repetitions of random terminal addition of sequences, keeping only 20 non-optimal phylograms. Branch swapping was performed using tree bisection-reconnection (TBR). All characters were considered non-ordered and of equal weight. Indels were treated as missing data. The internal support of the clades was evaluated by 1,000 bootstrap (BS) replications (Felsenstein, 1985) with 10 repetitions of random terminal addition sequences and branch swapping using TBR, keeping up to 20 of the most parsimonious trees. 
Incidence of Botryosphaeriaceae wood infections in table grapes
In 2009, the presence of Botryosphaeriaceae species was determined in seven table grape vineyards with vines between 11 and 20 years of age belonging to the following cultivars: 'Thompson Seedless', 'Redglobe' and 'Crimson Seedless' ( Table 2 ). The grapevines were grown on own-roots, with the exception of 'Redglobe' (grafted on 'Harmony'), on high trellis systems supported on overhead arbors 2 m in height. To associate external symptoms with internal symptoms, at least three grapevines in each vineyard were examined internally, and isolations were made from V-shaped or U-shaped cankers and/or black spots yielding Botryosphaeriaceae species. Consequently, quadrants of 100 plants were randomly selected, and each plant was rated according to its external symptoms. The incidence was estimated as the percentage of diseased grapevines over the total number of grapevines. The severity was estimated using a 0 to 4 scale, in which 0 = healthy plant, 1 = one diseased cordon (from only one stunted shoot to the death of the entire cordon), 2 = two diseased cordons, 3 = three diseased cordons and 4 = four diseased cordons. The severity was expressed as a damage index (DI) (Mc Kinney, 1923) : DI = (∑(nv) (VN)-1100) where, n = number of arms per degree of attack; v = degree of attack; N = total number of arms observed; V = maximum range of the attack scale. In addition, grapevines from each vineyard were sampled to determine the presence of Botryosphaeriaceae species that were identified morphologically and molecularly. The relationships between plant age and percent incidence and between plant age and percent severity were studied by regression analysis. (Table 3) .
The results were subjected to analysis of variance according to a complete randomized design with a 3×3 factorial arrangement of treatments (three vine cultivars × three pathogen species). The means were separated using Tukey's test (P≤0.05). The statistical program Minitab 15 (Minitab Inc., PA, USA) was used for the statistical analyses. Prior to analysis, the lengths of the cankers were transformed using log(x).
Results
Symptoms, incidence and damage index
The symptoms were characterized by the presence of a partial or total death of the grapevine cordons and distorted leaves ( Figure 1A ). Brown U-shaped or V-shaped cankers ( Figure 1B ) and black spots were observed in cross-sections, while brown vascular streaks were observed in longitudinal sections of cordons and trunks. Additionally, diseased plants exhibited reduced growth in one or more cordons and death of one or more shoots ( Figure 1A ).
The incidence and severity of symptoms in grapevines varied from 22.0 to 69.0% and 6.0 to 21.8% in 11-and 20-year-old grapevines, respectively (Table 2 ). A linear model best explained the relationship between x = plant age and y = percent prevalence (y = -12.0 + 3.79x, R 2 = 0.62, P=0.05) and between x = plant age and y = percent severity (y = -7.95 + 1.44x, R 2 = 0.61, P=0.05) (Figure 2 ).
Isolates and identification
Twenty-four Botryosphaeriaceae isolates were obtained, and, based on their morphology, they were identified as D. seriata (83.3%), D. mutila (8.3%) and S. viticola (8.3%). These species were obtained alone, mainly on samples taken in the autumn (94.7%), followed by samples taken in the winter (57.1%) and spring (2.2%). These species were obtained from wedged or V-shaped perennial cankers in cordons and from black spots. The colonies of D. seriata, D. mutila and S. viticola ( Figure 3B , D, F) developed dark brown pycnidia after 10 to 15 days in APDA and apple twigs. The conidia of D. seriata were unicellular, ellipsoidal and truncated; their mean dimensions were 22.7±0.8×10.1±0.5 µm ( Figure  3A ). The conidia of D. mutila were mainly aseptate and ellipsoidal; they exhibited mean dimensions of 26.1±0.2 × 12.2±0.6 µm, but dark brown, septated conidia developed in cultures after 45 days ( Figure  3C ). The conidia of S. viticola were ellipsoidal and septate; their mean dimensions were 21.5±0.4 × 9.5±0.3 µm ( Figure 3E ).
The maximum parsimony analysis of the ITS region produced 18,680 trees of 246 steps (CI = 0.94, RI = 0.98, HI = 0.05). Because of the large number of trees produced, the strict consensus tree is shown in Figure 4 . The isolates from Chile were distributed over two clades: the first corresponded to the genus Diplodia with 100% bootstrap support, and the second group was composed of Dothiorella sp. and Spencermartinsia. The 19 isolates corresponding to D. seriata formed a moderately supported clade (BS = 72). The remaining isolates corresponding to Diplodia were grouped with samples from GenBank corresponding to D. mutila. In addition, the isolates VID 1268 and VID 1286 also formed a highly supported clade (BS = 98) corresponding to S. viticola (Figure 4) . The isolates of D. seriata, D. mutila, S. viticola and B. dothidea were pathogenic on shoot cuttings of 'Thompson Seedless', 'Redglobe' and 'Flame Seedless' and produced dark brown necrotic lesions that were 1.1 to 8.5 cm in length. Vascular streaking that developed in the same samples varied from 2.09 to 15.00 cm in length (Table  3) . Pycnidia were obtained in inoculated shoot cuttings above the wounds.
The effect of the pathogens on both the length of necrosis and the length of vascular streaking was signifi cant (P≤0.05), but the effect of table grape cultivars and the interactions between the table grape cultivars and the pathogens were not statistically signifi cant (Table 3) . Among the Botryosphaeriaceae species isolated in this study, D. mutila and D. seriata produced the most extensive necrosis and vascular streaking, followed by S. viticola. However, B. dothidea appeared to be the most virulent Botryosphaeriaceae species (Table 3) .
Effect of tissue age on internal necrotic lesion development in mature grapevines
After 137 days from the inoculation time, internal necrotic lesions were observed in the wood of mature 'Flame Seedless' plants; these lesions were characterized by sharp margins, and were dark brown in color. They extended acropetally and basipetally from the points of inoculation and ended in dark brown vascular streaks (Figure 1 C,  D) . The effect of the pathogen, both on the length of necrosis and the length of the vascular necrotic streaks, was significant (P≤0.05), but the effect of the age of the inoculated tissue and the interaction between the age of the inoculated tissue and pathogen were not statistically significant (Table 4) . Diplodia mutila and D. seriata produced the largest necrotic lesions and the largest vascular necrotic streaks. In both analyses, B. dothidea was less virulent; however, this phenomenon was not the case when this pathogen was inoculated on cuttings in the bio-testing for cultivar susceptibility (Table 3) . Each Botryosphaeriaceae species was re-isolated from each inoculated grape plant and from the three types of tissue ages; there was 100% recovery for D. seriata and 93.3% recovery for D. mutila. Because no lesions were detected in the control plants, they were not included in the analysis.
Discussion
This study reports for the first time the presence of D. mutila and S. viticola associated with wood cankers and dieback of table grapes in Chile. At the same time, the presence of D. seriata was confirmed, although D. seriata (former B. obtusa) had been previously reported in 'Redglobe' table grapes showing decline (described as black dead arm) symptoms in Chile (Auger et al., 2004) . Unlike previous studies (Larignon et al., 2001; Phillips, 2002 (Auger et al., 2004) , and this finding was also similar to the results obtained by Luque et al. (2009) , who found that D. seriata and Eutypa lata (Pers.) Tul. & C. Tul. were predominantly isolated from V-shaped cankers in Spain. In our study, E. lata was not isolated, and to date there is no official report of E. lata affecting grapevines in Chile (Acuña, 2010) .
The identification of Botryosphaeriaceae species was based primarily on morphological characteristics and was later confirmed by sequencing of the ITS1-5.8S-ITS2 region of the nuclear rDNA. The morphological results obtained agree with previously published descriptions of D. mutila, D. seriata and S. viticola (Denman et al., 2000; Luque et al., 2005; Taylor et al., 2005; Úrbez-Torres et al., 2006; Slippers et al., 2007; Phillips et al., 2007 and . The teleomorphs of these species were not observed in this study. The data describing necrotic length were transformed using log(x) prior to analysis, but the non-transformed data are presented. No lesions were detected on the control plants.
the original wood symptoms reported for BDA by Lehoczky (1974) . D. mutila was re-isolated from necrotic tissue and vascular streaking, but foliar symptoms, such as leaf chlorosis, wilting, leaf reddishness and premature leaf fall, which had also been reported to be associated with D. mutila and other Botryosphaeriaceae (van Niekerk et al., 2006) , were not observed in this study. Similarly, D. seriata and S. viticola only induced necrotic and vascular streaking in inoculated grapevines and were re-isolated from inoculated grapevines. Therefore, in agreement with other studies (Castillo-Pando et al., 2001; Taylor et al., 2005; Úrbez-Torres, 2011; Úrbez-Torres and Gubler, 2009; van Niekerk, 2004) , these Botryosphaeriaceae species were pathogenic, and the occurrence of necrotic internal symptoms was demonstrated in this study. However, the association of these species with BDA and foliar symptoms remains to be determined.
Similarly, the V-shaped necrosis associated with Botryosphaeriaceae infections or in BDA in other studies (Luque et al., 2009; Úrbez-Torres, 2011) was not observed in inoculated plants. This outcome was attributed to the short incubation period because the grape plants were removed before bud burst early in the spring. In addition, these results do not discount the possibility that other fungal species associated with trunk and arm diseases elsewhere may coexist.
In pathogenicity tests performed by other authors, D. mutila and D. seriata were less virulent than B. dothidea (Phillips, 1998) , and these species were considered weakly virulent in Australia (Taylor et al., 2005) (Lehoczky, 1974) . Several reasons can explain these differences in virulence, including the isolate variability, inoculation conditions and grape cultivars used in these pathogenicity tests. In addition, it should be taken into account that the B. dothidea isolate was obtained from an avocado tree. Therefore, although D. mutila was isolated less frequently than D. seriata, the former species should be regarded as a major pathogen associated with BDA in Chile. However, additional investigations using a large number of isolates are needed to clarify this hypothesis.
The observation that BDA was more prevalent in older, as opposed to younger, table grape plants was also reported by Larignon et al. (2001) , who found that grapevines over eight years old were affected (Northern Hemisphere). The highest prevalence of BDA was found in relatively old vineyards associated with Botryosphaeriaceae species (Figure 2 ). In this study, the importance of D. seriata is clear because it was the main species recovered from diseased grapevines affected by Botryosphaeria canker. Nevertheless, considering the results obtained in the inoculations performed in old tissues, D. mutila and D. seriata were the more aggressive species. However, it would be advisable to study a larger number of samples before making a final conclusion. 
